This invention uses a single eddy current coil to measure multiple parameters of conductive target simultaneously using a single fixed frequency. For example, the system consisting of the sensor coil, connecting cable, and signal conditioning electronics, can measure the thickness of a target and the distance of the target from the coil. Alterna tively, it could simultaneously measure the distance of the target to the coil, i.e. lift-off, and one of the electrical properties of the target, such as the resistivity. The present system is useful in material characterization of targets where the lift-off information can be used to correct for any lift-off induced error in the apparent resistivity. In general, it can determine any pair of two characteristics of the target/sensor relationship simultaneously. This invention provides signifi cant improvement in accuracy and flexibility of eddy current sensors and can be manufactured at a low cost due to the use of a single coil and a single fixed frequency in the signal conditioning electronics. An alternative sensor configuration utilizing two sensors differentially to produce a cladding insensitive-displacement measurement is also contem plated by the present invention. This invention relates generally to eddy current sensing devices, and more specifically to a system that employs a single coil to simultaneously measure multiple parameters of a conductive workpiece.
BACKGROUND OF THE INVENTION
Eddy current sensors are well known in the art. These devices are used in a variety of situations where non-contact measurements for parameters such as separation or electrical resistance are desired. Eddy current sensors have been utilized to measure displacement, electrical properties and other physical characteristics of material such as thickness or flaws that modify the apparent electrical characteristics. One such application is the measurement of runout in magnetic steel rollers. Eddy current sensor Systems have been used to measure the runout in the rollers but accuracy is limited because of sensitivity to permeability changes that are typical in such rollers. Thickness measurement of alu minum cans during formation is another application. In the can making process, a carbide punch is used to draw an aluminum cup through a series of dies to form a finished can body. The centerline position of the punch can affect the real thickness of the cans and, in prior art systems, affect the apparent thickness of the cans.
Sensing thickness using eddy currents has been accom plished by prior art systems including those which adjust circuit impedances such that the system is insensitive to distance. The system typically utilizes a classic three coil eddy current setup with a driver coil and two pickup coils. The driver coil excites the material with an AC magnetic field and the pick up coils see an impedance change caused by cddy currents induced in the material. Because this technique uses three coils, it is comparatively expensive to produce and is still sensitive to errors from lift-off (sensor workpiecc separation) if not operated within a limited range. Other systems use eddy current sensors to detect cladding thickness with a single coil, but are sensitive to lift-off errors as well. Systems with multiple frequencies have been devel oped to distinguish thickness changes from other effects, but dual frequencies require expensive and complex circuitry to implement.
Still others systems have measured thickness by means of eddy current devices and have used the orthogonal imped ance outputs of an eddy current sensor to determine lift-off from the workpiece surface and compensate for the same. Lift-off errors have been corrected by physically moving the sensor to a specific impedance and measuring its orthogonal impedance component. However, this design has several intrinsic problems. For example, a servo system must physi cally position the sensor; a requirement which severely hampers the usefulness of the device as it cannot be used at high speed, cannot be placed in restrictive locations, and imposes severe environmental constraints on the use of the device. Moreover, the impedance signal components (real and imaginary) must be completely orthogonal for proper operation.
In general, known devices are capable of measuring a single parameter and are usually configured with one param eter being dependent on another. loop linking the input and output of the amplifier and a two port ferromagnetic resonator connected within the loop to modulate the level and frequency of the oscillator signal in response to eddy currents induced in the surface of a workpiece sample. There is a variable attenuator connected within the feedback loop to adjust the power level of the oscillator, and an adjustable phase shifter for changing the total phase shift of the signal within the loop. There is also a probe connected to the circuit in a transition mode which is adapted to respond to the electro-magnetic field generated by the eddy currents. The probe includes a ferromagnetic crystal, with an outer circuit loop encircling the crystal and an inner circuit loop encircling the crystal orthogonal to the outer loop. The 017 device permits the measurement of changes in both the magnitude and phase of that system's signal; allowing for independent measurement of the real and imaginary parts of the impedance of the circuit.
U.S. Pat. No. 4,727,322 discloses a method and apparatus for measuring a system parameter such as workpiece thick ness by means of eddy currents generated in the workpiece as a result of the proximity of a probe to the surface. The sensor in the probe measures two orthogonal components of the complex impedance. In operation, the 322 sensor is moved towards the workpiece until one component of the impedance reaches a pre-determined value and the charac teristic value is measured as a value of the other component.
The first component is selected during calibration as that component which is most sensitive to variation in distance between the sensor and the workpiece. The apparatus disclosed in U.S. Pat. No. 3,358,225 details a lift-off compensation technique for eddy current testers. The 225 apparatus includes an impedance bridge having a signal generator operating at a constant frequency and voltage. The 225 apparatus is used to compare the imped ance of an eddy current probe positioned in proximity to a conductive sample with a standard impedance associated with the probe to provide separated outputs of reactive and resistive components of unbalance of the impedance bridge. The 225 apparatus includes a mechanism for selecting a pre-determined portion of one of the outputs and combining it with the other output to provide a signal which is coupled to a read out device for indicating the thickness of the sample workpiece under inspection.
Eddy current non-contacting sensors also include the non-contacting displacement transducer found in U.S. Pat. No. 3,619,805 and the eddy current surface mapping system for workpiece flaw detection shown in U.S. Pat. No. 4,755, 753. The eddy current flaw detection system of U.S. Pat. No. 3, 718, 855 and 3, 496 ,458 rely on a single coil in a sensor probe for detection. Other single probe devices are found in U.S. Pat. No. 4,644,274 for an apparatus that supports an eddy current probe used to scan an irregular surface. The electromagnetic system found in U.S. Pat. No. 4,438,754 is used for sensing and remotely controlling the spatial rela tionship between a tool and workpiece. The 754 system relies on magnetic devices positioned in an opposed rela tionship with respect to the tool and a workpiece surface such that the magnetic flux passes between the magnetic elements through the surface.
The systems of the prior art are generally burdened by the need for multiple coils, frequencies or are not capable of simultaneous measurement of different parameters, such as material thickness and separation. It would be desirable to have an eddy current system that employs only a single coil and is capable of simultaneously measuring two parameters. The present system is drawn towards such an invention. 5,541,510
An object of the present invention is to provide a mea surement system to simultaneously measure two parameters (e.g., thickness and displacement) with a single eddy current sensor coil operating at a single fixed frequency.
Another object of the present invention is to provide a system of the foregoing type which is relatively insensitive to variations in the electrical properties of a material.
Still another aspect of the present invention is to provide a system of the foregoing type which system output signals map to unique points in a system impedance plane.
Yet another object of the present invention is to provide a system of the foregoing type which orthogonalizes electrical output signals to allow for the detection of more than one variable.
Still another aspect of the present invention is to provide a system of the foregoing type capable of sensing tempera ture and used as a correction factor for other measured parameters.
Another aspect of the present invention is to provide a system of the foregoing type that allows the measurements to be made with a single sensor, in a limited space, in a hostile environment, with relatively simple electronics, and still maintain good sensitivity to the measurement param eterS.
According to the present invention, a method of measur ing physical parameters characteristic of a workpiece whose parameters include material, thickness, temperature, perme ability and conductivity includes the steps of providing an excitation circuit having electrical components that charac terize system electrical parameters, the excitation circuit further having an excitation circuit impedance defined by said system electrical parameters. The method also includes the step of providing a sensor having an electrical coil at a preselected diameter. The coil is positioned at a selected separation distance from the workpiece. Presented to the coil is an excitation signal at a single preselected angular fre quency selected such that an effective product of the work piece permeability and resistivity and the separation distance map to a single point in an excitation circuit impedance plane. The method also includes the steps of measuring a voltage magnitude of the excitation signal; measuring a phase of the excitation signal, generating signals indicative of the single excitation circuit impedance plane point; and generating signals indicative of a computed value of a desired one or more of the parameters. FIG. 10 is a simplified schematic illustration of a second alternative system provided according to the present inven tion characterized by dual sensors operated differentially to determine workpiece position.
DESCRIPTION OF THE PREFERRED EMBODIMENT
As noted above, Eddy current sensors have been used for a variety of applications, but in general they are designed to be sensitive to one specific parameter such as distance. The present invention, senses multiple parameters such as thick ness and distance simultaneously and uses the result of one measurement to correct for undesirable sensitivities in another measurement. Advantages of the present invention include the use of a single low cost sensor coil and the avoidance of switching sensor frequencies. Moreover, the present system has the ability to compensate one parameter value for changes in the value of another parameter, result ing in greater accuracy. It should be noted that temperature can also be sensed, and therefore used as a tertiary correction factor for other parameters.
In general, there are three main parameters to be sensed by the present system: electrical properties, thickness, and distance. Eddy current sensors are essentially governed by a constant expressed as the product of rouo. The parameter "r' is the mean radius of the coil which can vary in design, but is constant in an application. The parameter 'o' is the radial frequency of the current or voltage used to excite the coil and can be varied in an application, but in general is constant as the associated circuitry is simpler. The param eters "u,o' are, respectively, the permeability and conduc tivity of the material. It is important to note that the effective conductivity of a material as seen by an eddy current sensor can change depending on the thickness of the target material or target geometry. The thickness of the material can thus be determined if the actual u and O values are constant.
The present system measures thickness without the need for the classic three coil configuration, but rather with only a single coil and without the need to orthogonalize imped ance components. Sensing of distance (or displacement) using eddy current sensors is another typical application of the present system. Systems that sense distance either sense a change in inductance, resistance, or a combination of both parameters such as 'Q', where Q=(oL/R. These known systems in general rely on the material properties being constant as they will affect the resultant output signals.
With the present invention it is recognized that, at a particular distance and set of electrical properties, the sys tem's impedance will be a unique point in the complex impedance plane. With certain configurations, the param eters can be resolved into mathematically orthogonal equivalents such that one parameter is a function of another. However other situations preclude such analysis. Regard less, signals indicative of the system's impedance should map to a unique point in the impedance plane for a given 5,541,510 5 variable set. The output signals corresponds to real and imaginary impedance parts, phase and magnitude, or other impedance combination. The variable or parameter set cor responds to thickness and distance or material characteristic and distance.
The scaling parameter given above as r°ouo is commonly used in prior art systems as the determining characteristic of the impedance output and is appropriate for certain materi als. While the parameters r,0,1,o still determine the imped ance characteristic, it is not quite correct to use the product alone as the scaling parameter where the relative permeabil ity of the material is not unity. This represents a complicat ing factor which is difficult to express in analytic terms and is most often optimized by numerical analysis.
Consequently, the present system can readily be used in the steel roller runout and can thickness applications noted above. The present system allows for the measurement of stcel roller runout which is insensitive to permeability changes in the roller. Can thickness is ascertained simulta neously with a measurement of the centerline position of the punch with the present system and therefore may be used to help control thickness as well as correct for apparent thick ness errors caused by position changes in the punch.
A system with a sensor configuration provided according to the present invention is shown schematically in FIG. 1 . The system 10 includes electronic control circuitry shown generally at 12 which provides an excitation signal on line 14 to a sensor 16 comprised of a sensor body 18 and a sensor coil 20 disposed at an end thereof. The sensor coil is positioned adjacent a workpiece 22 that includes a substrate 24 and outer cladding 26. The system can be configured to measure the "lift-off 28 corresponding to the separation between the sensor and the workpiece.
The impedance change of the sensor is a function of several parameters including the excitation signal frequency (()), the mean radius of the sensor coil (r) and the conduc tivity of the target material (o). Those skilled in the art will note that conductivity is simply 1/p, where "p" or "rho' is resistivity. The permeability of the target material (), and the distance to the target (d) are also factors. If frequency and diameter are fixed then the impedance will vary due to o, Lord. For a given diameter of sensor coil, a frequency can be found by using known numerical methods such that the coil is sensitive to a combination of O and u and d. This frequency can be changed such that O.u. parameter combi nation primarily effects the phase of the complex impedance, while d primarily effects the magnitude of the complex impedance output and, as such, are independent of each other. For materials where the relative permeability is unity, that is; u=1, the coil frequency is related to the product of O and and d. The "combination' of O and LL and d in those other situations optimized with numerical methods is referred herein as the "effective product'. As noted above, the real and imaginary parts of the impedance are related mathematically to the phase and magnitude of the imped ance outputs and, therefore, either variable can be used. It is not a requirement that a specific frequency be found, how ever, as thc two effects can be sorted out mathematically and, in general, it is desirable to do so.
The present invention also allows for temperature com pensation. If the materials parameters (e.g., thickness,o or ) are constant, then variations in temperature will cause the sensor coil series resistance to change proportionally. The resistance change appears as a change in the real part of the complex impedance. Correcting for temperature changes can therefore be done by recognizing that a unique tempera The following steps should be executed to generate the appropriate impedances. First, the specific parameter pair or "goal' of the measurement needs to be determined as follows:
1) Generate a displacement output signal independent of material (material insensitivity); 2) Generate an output signal proportional to the resistivity of the material;
3) Generate output signals of resistivity and displacement; 4) Generate an output signal proportional to permeability; 5) Generate output signals proportional to permeability and displacement, 6) Generate an output signal proportional to thickness; or 7) Generate output signals proportional to thickness and displacement; 8) Generate output signals proportional to temperature and displacement; 9) Generate output signals proportional to temperature and ou effective product. There are other supplemental, considerations in finding an optimum solution once one of the above parameter pairs has been chosen. A gross change in parameters, such as com pletely different materials, is an example of a supplemental consideration, as is the situation where the correction is for small changes in parameters, such as in alloys of the same material. In the example shown with respect to FIG. 2, the present system provides a sensor which is effective with Aluminum (rho=3.30 cm), Hafnium (rho=30|uC2 cm), Stainless Steel (rho=60C2 cm), and Inconel (rho=120puC2 cm). The present system as configured to generate the curves of FIG. 2 generates a linear displacement output signal from 0 to 0.040" in thickness that is independent of the workpiece material and provides information as to the identity of the material. It should be noted that the teaching of the present invention applies for any one of the parameter pairs men tioned above, as well as for other conductive materials.
Selection of a particular coil geometry is also mandated by the present system. It is generally desirable that the coil be of a small diameter, high "Q', and is amenable to cost effective production. The coil geometry used to generate the curves of FIG. 2 has an inner radius of 0.0675 inches, and outer radius of 0.15", a length of 0.1 inches with 640 turns of magnet wire. These variables are provided to the present system to generate the impedance plane. A specific fre quency (co) must be chosen so as to have sensitivity to the electrical parameters, have good sensitivity to displacement, and have areasonably linear output. With the present system it is not required to have linearity in output signal genera tion, but it simplifies post processing of the output signal. A typical frequency for the signal is between 5 kHz and 10 Mhz. The frequency parameter is iterated by an algorithm 5,541,510 7 executed by the present system until all of the system parameters have acceptable sensitivity. The algorithm used is one that implements known equations using numerical methods. The output from the algorithm is then plotted to show the real and imaginary relationship with different parameters of displacement and resistivity.
Note in FIG. 2 that for a given coil geometry at a constant temperature, frequency, displacement (or lift-off), and resis tivity/permeability combination that there is a unique point in the impedance plane which define the curves of constant displacement (lift-off)). Given that only two of the unknown parameters vary (i.e. resistivity/permeability and displace ment, thickness and displacement) it is typical that a coil geometry and operating frequency can be found such that a unique point on the impedance plane maps to a given set of output parameters such as displacement and resistivity.
The preferred embodiment of the present invention shown in FIG. 1 is illustrated schematically in more detail in FIG.  3 . The system electronic circuitry 12 consists of an oscillator 50 which drives an impedance network 52, the eddy current sensor 16 and typically a parallel resonating capacitor 54. The oscillator is driven at a predetermined frequency (CD) and amplitude (Z0°) as measured at 0 degrees to excite the impedance network, typically through a series capacitor. The impedance network, parallel capacitance, and oscillator fre quency are chosen to optimize the change in magnitude and phase of the drive signal at the sensor (Z-9) relative to the oscillator based on the goals of the measurement as set forth above. A detection signal is presented on line 56 for demodulation by magnitude detection circuit 58 and phase detection circuit 60 to produce independent magnitude and phase output signals on lines 62, 64, respectively. These signals are presented to analog to digital converters 66 and 68 before presentation to processor 70 so that the signals used for processing are independent magnitude and phase output signals from the sensor. These signals are then processed to provide either a digital or analog output signals online 71 that relate to one or more of the parameters being measured. It is understood by those skilled in the art that analog processing could be utilized as well.
The impedance network and the parallel capacitance are chosen such that the resultant sensor impedance has com ponents which translate into the phase and magnitude plane. In the general case it is not a requirement that the measured effects be orthogonal in the phase and magnitude plane. Rather, it is necessary that these components of impedance map to a unique point in that plane where a look up table or numerical methods can be used to translate phase and magnitude coordinates to resistivity (or other parameter such as thickness) and displacement. With numerical analysis however, the resonant capacitance and the impedance net work can be selected such that the phase and magnitude of the output signals have specific characteristics such as linearity in displacement, relative temperature stability, and are mostly orthogonal. If the phase and magnitude charac teristics are orthogonal, then processing is much easier as the two signals are essentially independent. As an example, one output signal is related to distance and the other is related to the material characteristics. It is more likely however, that a solution can be obtained in which one parameter is substan tially independent and the other parameter has a dependency on that independent parameter; a situation in which a solution is much more readily achieved than its alternatives.
To generate the curves shown in FIGS. 4 and 5, the impedance network is a series resistor (100 ohm) and capacitor (1250 pF). The parallel capacitor is 5000 pF and the sensor is as set forth above, with a DC resistance of 45 identifying the curves by material thickness. Here again, a unique point in the phase and magnitude plane translates to a unique displacement and resistivity.
Shown diagrammatically in FIG. 6 are a family of dis placement curves 98-104 formed by phase voltages mea sured at several displacements. Caption 106 indicates the resistivity of each material. Note that the phase of the output signal for the materials is relatively, but not completely, independent of displacement. In order to sort and identify the material(s) under test, a simple voltage comparator circuit can be added to the processor circuitry of the pre ferred embodiment.
FIG. 7 diagrammatically illustrates the voltage magnitude
of the output signals as compared to the sensor displace ment. The output signals of curves 107-112 are character ized by an offset shift vs. the various materials whose resistivies are shown in caption 114. Using the information from the phase voltage to determine the material, the present system generates an offset correction signal in a known manner that is added to the signals of curves 107-112 to produce a relatively material independent displacement out put signal, while simultaneously producing an output signal that identified the material.
The present invention encompasses alternative embodi ments to the system described above. As noted above, a punch is used in a can making process to draw an aluminum cup through a series of dies to form a finished can body. The punch thickness changes slightly over long periods of time relative to thickness changes in the can caused by die wear Also included in the system is a second sensor 146 which receives excitation signals on line 148 from the controller. The sensor 146 is disposed a distance from the workpiece and therefore is not influenced electromagnetically by its presence. However, the second sensor is positioned so that it is in substantially the same environment as the first sensor and should, therefore, be at the same temperature at the same time as the first sensor. Accordingly, the sensors' respective signals can be used to remove any drift in signal value caused by thermal variations in the temperature. The signal from the second, remote coil is received by the controller. Circuitry with the controller provides a compensation term achieved by the comparison of the impedance of the second coil signal as compared to the signal from the first coil close to the substrate surface. Any drift in signal in the first sensor caused by temperature variations will therefore be elimi nated. With this configuration, the present invention uses multiplc coils, but not in the same manner as has been utilized in prior art devices. Rather than use a coil pair comprised of excitation and sensor coils as is done in the past, the present invention merely uses a second coil for thermal compensation purposes. Similarly, although the invention has been shown and described with respect to a preferred embodiment thereof, it should be understood by those skilled in the art that various other changes, omissions and additions thereto may be made therein without departing from the spirit and scope of the present invention. 4. The method of claim 2 further comprising the steps of positioning said workpiece at a plurality of separation dis tances and generating, at each of said separation distances, signals indicative of said workpiece permeability and con ductivity effective product.
5. The method of claim 3 further comprising the steps of: positioning said workpiece at a plurality of separation distances;
generating, at each of said separation distances, signals indicative of said workpiece permeability and conduc tivity product; and generating signals indicative of displacement independent of selected workpiece material. 6. The method of claim 2 further comprising the steps of selecting said workpiece to be of a plurality of thicknesses and generating, at each of said thicknesses, signals indica tive of said workpiece permeability and conductivity effec tive product.
7. The method of claim 6 positioning said workpiece at a plurality of separation distances and generating, at each of said separation distances, signals indicative of said work piece permeability and conductivity product and thickness. 8. A system for measuring physical parameters character istic of a workpiece whose workpiece parameters include material, thickness, temperature, permeability and conduc tivity, said system comprising:
an excitation circuit having electrical components that characterize system electrical parameters, said excita tion circuit further having an excitation circuit imped ance defined by said system electrical parameters; a sensor having a single electrical coil at a preselected diameter electrically connected to said excitation cir cuit; a means for positioning said coil at a selected separation distance from said workpiece; signal generator means for presenting said coil with an excitation signal at a single preselected angular fre quency selected such that an effective product of said workpiece permeability and resistivity and said sepa ration distance map to a single point in an excitation circuit impedance plane; a means for measuring a voltage magnitude of said excitation signal; a means for measuring a phase of said excitation signal; and 5,541,510 11 processor means for generating output signals indicative of a desired one of said parameters. 9. The system of claim 8 wherein said signal generator means further comprises a means for generating signals indicative of an effective product of said workpiece perme ability and conductivity effects only the imaginary compo nent of said impedance and the magnitude of said separation distance effects only the real component of said impedance and wherein said processor further comprises a means for generating signals indicative of a computed value of said workpiece permeability and conductivity effective product.
10. The system of claim 9 wherein said workpiece is selected from different materials; said processor means further comprising a means for generating signals indicative of said workpiece permeability and conductivity effective product.
11. The system of claim 9 further comprising a means for positioning said workpiece at a plurality of separation dis tances and said processor means further comprises a means for generating, at each of said separation distances, signals indicative of said workpiece permeability and conductivity effective product.
12. The system of claim 10 further comprising:
a means for positioning said workpiece at a plurality of separation distances; and said processor further com prises a means for generating, at each of said separation dis tances, signals indicative of said workpiece permeabil ity and conductivity product; and a means for generating signals indicative of displacement independent of selected workpiece material. 13. The system of claim 10 wherein said workpiece is selected to be of a plurality of thicknesses and said processor means further comprises a means for generating, at each of said thicknesses, signals indicative of said workpiece per meability and conductivity effective product.
14. The system of claim 13 further comprising a means for positioning said workpiece at a plurality of separation dis tances and said processor means further comprises a means for generating, at each of said separation distances, signals indicative of said workpiece permeability and conductivity product and thickness. 18. The system of claim 16 wherein said workpiece is comprised of an outer cladding and inner substrate.
19. The system of claim 9 further comprising means for providing said workpiece at a plurality of temperatures and said processor means further comprising a means for gen erating, at each of said temperatures, signals indicative of said workpiece permeability and conductivity effective product.
20. The system of claim 9 further comprising: a second sensor means substantially identical electrically with said first sensor and positioned to be electromag netically removed from said workpiece but in thermo dynamic communication with said first sensor, said processor further comprising a means for generating signals indicative of said first and second sensors temperature values and a means for subtracting said second sensor temperature signal from said first sensor temperature signal, thereby removing temperature drift signals from said output signals. 21. The system of claim 9 wherein said workpiece is nonplanar.
